Objective: Fatigue is a common problem among cancer patients and survivors, yet the mechanisms underlying the occurrence and persistence of this symptom are not known. Activation of the immune system may evoke feelings of fatigue, which are mediated by proinflammatory cytokines. We examined whether fatigued breast cancer survivors would show elevations in proinflammatory cytokines and markers of cytokine activity compared with nonfatigued survivors. Differences in lymphocyte subsets, cortisol, and behavioral symptoms associated with proinflammatory cytokines were also assessed. Methods: Forty breast cancer survivors (20 fatigued, 20 nonfatigued) provided blood samples at visits scheduled to control for diurnal variability. Cytokines, soluble markers of cytokine activity, and cortisol were measured by immunoassay and lymphocyte subsets by flow cytometry. Participants also completed questionnaires measuring demographic, medical, and behavioral variables. Results: Fatigued breast cancer survivors had significantly higher serum levels of several markers associated with proinflammatory cytokine activity than nonfatigued survivors, including interleukin-1 receptor antagonist (IL-1ra), soluble tumor necrosis factor receptor type II (sTNF-RII), and neopterin. They were also more likely to report behavioral problems that co-occur with fatigue in the context of immune activation. Fatigued survivors had significantly lower serum levels of cortisol than the nonfatigued group as well as differences in two lymphocyte populations. Conclusions: Fatigued breast cancer survivors showed elevations in serum markers associated with proinflammatory cytokine activity an average of 5 years after diagnosis. Results suggest mechanisms through which enduring immune activation may occur, including alterations in cortisol and in lymphocyte subsets.
Fatigue is a common problem among women undergoing treatment for breast cancer and may endure for months or years following completion of treatment in some patients. Recent studies have shown elevated levels of fatigue among breast cancer survivors relative to age-matched healthy controls (1, 2) , with approximately one third of survivors continuing to report moderate to severe symptoms of fatigue 2 or more years posttreatment (3, 4) . Fatigue has a negative impact on mood, social relationships, daily activities, and overall quality of life among both breast cancer patients and survivors (1) (2) (3) 5) .
Despite its prevalence, the mechanisms underlying the onset and persistence of fatigue among cancer patients have not been determined. Although a variety of biological mechanisms have been proposed, the few studies to assess biological parameters (eg, hematocrit, hemoglobin, albumin, thyroid hormone) have typically not found a correlation with fatigue (6, 7). One possible mechanism for cancer-related fatigue is activation of the immune system in response to the tumor itself or to treatments for the disease. In particular, proinflammatory cytokines interleukin-1 beta (IL-1␤), interleukin-6 (IL-6), and tumor necrosis factor-␣ (TNF-␣) may be released as part of the host response to the tumor or in response to tissue damage or depletion of immune cell subsets associated with cancer treatment (8) . These cytokines have a wide spectrum of peripheral and central effects that contribute to host defense, including effects on energy. Studies in laboratory animals have shown that injection of IL-1␤, TNF-␣, or lipopolysaccharide (which induces IL-1␤ and TNF-␣ synthesis) leads to fatigue as well as decreased activity, increased somnolence, anorexia, and social withdrawal (9) . Fatigue has also been observed in clinical trials of cancer patients treated with cytokine therapy, occurring as part of a constellation of flu-like symptoms including lethargy, depressed mood, and cognitive disturbance (10, 11) . These behavioral manifestations of sickness have been collectively referred to as sickness behavior. To our knowledge, only two studies have specifically explored the possibility that proinflammatory cytokines may contribute to cancer-related fatigue. Greenberg et al. (12) found that both reports of fatigue and serum levels of IL-1␤ tended to increase among prostate cancer patients receiving radiation therapy, although the correlation between these parameters was not reported. Another study, published in abstract form only, reported a correlation between IL-6 and fatigue in a sample of lung cancer patients treated with both radiation therapy and chemotherapy (13) . The association between proinflammatory cytokines and fatigue in patients beyond the acute phase of treatment has not yet been examined.
The primary purpose of this study was to test the hypothesis that fatigue is associated with proinflammatory cytokine activity and behavioral markers of sickness among breast cancer survivors. This was done by determining serum levels of a proinflammatory cytokine, IL-1␤, and of molecules associated with proinflammatory cytokine activity, including IL-1ra, sTNF-RII, and neopterin. Serum levels of these molecules were quantified because they can be measured more reliably in serum than the proinflammatory cytokines that induce their production and, in the case of sTNF-RII and neopterin, may provide a better measure of cytokine activity. IL-1ra is a member of the IL-1 family and antagonizes the effects of IL-1 in vivo and in vitro (14) . IL-1ra is produced by many of the same cell types as IL-1 and is made in response to the same stimuli, including infection and inflammation (15) . Soluble TNF-RII is released from activated cells, particularly monocytes/macrophages and lymphocytes, when TNF-␣ is produced (16) . Soluble TNF-RII levels are highly correlated with TNF-␣ levels in serum and reflect TNF-␣ activity (16) . Neopterin is secreted by activated macrophages, the primary source of proinflammatory cytokines, and provides a measure of macrophage activity (17) . These molecules are elevated in conditions associated with proinflammatory cytokine activity, including autoimmune, inflammatory, and infectious diseases (15) (16) (17) .
A secondary goal of this study was to explore other immune and hormonal parameters that may be influenced by cancer and its treatment, including lymphocyte subsets and cortisol. Changes in these parameters are relevant to proinflammatory cytokine activity and fatigue because they may underlie or follow from persistent activation of the inflammatory response. Surgical procedures, radiation therapy, and chemotherapy can all cause acute changes in immune parameters, most of which resolve following completion of treatment. However, prospective studies have shown prolonged deficits in certain lymphocyte populations among breast cancer patients treated with radiation and chemotherapy (18 -20) . Disturbances in other physiological systems associated with cancer and its treatment may also be important for immunological functioning. In particular, alterations in hypothalamicpituitary-adrenal (HPA) axis function may have enduring immune effects, as glucocorticoids are powerful modulators of the immune system and are specifically known to inhibit production of proinflammatory cytokines (21) . Interestingly, HPA abnormalities have been associated with fatigue in the context of chronic fatigue syndrome and other clinical disorders (22, 23) . We examined both lymphocyte populations and serum levels of cortisol to determine whether these parameters were associated with enduring fatigue in cancer survivors.
The current study compared women who had vs. had not experienced prolonged fatigue following breast cancer diagnosis and treatment. We hypothesized that breast cancer survivors reporting enduring fatigue would show higher serum levels of IL-1␤, IL1ra, sTNF-RII, and neopterin than nonfatigued survivors. In addition, we hypothesized that fatigued survivors would show evidence of other sickness behaviors, including somnolence, decreased activity, social withdrawal, cognitive disturbance, and depressed mood.
METHODS

Participants
Subjects were former participants in a large survey study of breast cancer survivors focusing on quality of life, intimacy, and sexuality (24, 25) . Participants in the prior survey study (N ϭ 1957) were recruited from two large metropolitan areas (Los Angeles, CA, and Washington, DC) between September 1994 and June 1997. Women were eligible for participation if they met the following criteria: 1) had been diagnosed with early, resectable breast cancer (stage 0, I, or II at diagnosis); 2) were between 1 and 5 years after initial breast cancer diagnosis; 3) had completed local and/or systemic adjuvant cancer therapy; 4) were currently considered disease-free and were not receiving any cancer therapy other than tamoxifen; 5) had no history of other cancers, with the exception of noninvasive skin cancer and cervical cancer; 6) could read and write English; 7) could provide informed consent; and 8) had no other major disabling medical or psychiatric conditions that would confound evaluation of health-related quality of life.
For the current study, we were interested in identifying two subgroups of survivors from the larger project: those who reported enduring fatigue following breast cancer diagnosis and treatment and those who did not report enduring fatigue. Potential participants were identified based on their scores on the energy/fatigue subscale of the RAND 36-Item Health Survey, which was completed as part of the original survey packet. Scores on this scale range from 0 to 100, with higher scores indicating better functioning (ie, higher levels of energy). Scores below 50 indicate limitations or disability related to fatigue (26, 27) .
Women were considered for participation in the current study if they scored in the lower (range ϭ 0 -50; high fatigue) or upper (range ϭ 70 -100; low fatigue) tertiles of the RAND scale at the time of original survey completion, lived in the Los Angeles area, and were not already participating in another follow-up project conducted by our group. A total of 332 survivors met these initial criteria and were sent letters describing the current project. They were asked to return a response form indicating their interest in the current study and were also asked to rate their current level of fatigue on the RAND energy/fatigue scale. Women who again scored in either the lower or upper tertiles of the RAND scale were contacted by phone for determination of final eligibility. Exclusion criteria were as follows: 1) breast cancer recurrence; 2) diagnosis with other cancers; 3) history of immunologically related diseases or diseases that could affect the immune system; 4) regular use of immunosuppressive medication; 5) history of psychiatric hospitalization or severe psychological distress in last 6 months; and 6) consumption of more than 15 alcoholic beverages per week.
Response forms were received from 207 women, 137 of whom were interested in the study and provided contact and energy information. Fifty-one of these women were excluded because of a change in their energy tertiles; 13 were excluded because of a cancer recurrence, another cancer diagnosis, or other medical problems; and 15 were unable to come for an appointment at UCLA. Of the 58 eligible women remaining, 22 were high in fatigue at both assessment points and 36 were low in fatigue at both points. We were able to contact and recruit 20 of the fatigued women. To maintain equal sample sizes, we stopped recruitment of low-fatigue women at 20. The UCLA Institutional Review Board approved the study procedures, and written informed consent was obtained from all participants.
Procedure
All assessments were scheduled within the same 2-hour time period in the morning (8 -10 AM) to control for diurnal variations in immune and endocrine parameters. Participants were asked to refrain from consuming food, drinking alcohol and/or caffeine, using tobacco, taking nonprescription medication, and engaging in strenuous exercise during the 12-hour period before their appointment. Blood was collected by venipuncture into sterile blood collection tubes after a 15-to 20-minute rest period. Blood draws were not completed for three subjects due to technical difficulties (N ϭ 2) and subject refusal (N ϭ 1). Following the blood draw, a semistructured interview was conducted focusing on fatigue during and post breast cancer diagnosis and treatment. All participants also completed several self-report questionnaires the evening before their appointments.
Cytokines, Immune Activation Markers, and Cortisol Serum samples were separated according to standard procedures and stored at Ϫ70°C for subsequent batch testing. Serum levels of IL-1␤ were measured using Quantikine High Sensitivity Immunoassay kits (R&D Systems, Minneapolis, MN). IL-1ra and sTNF-RII were measured with Quantikine Immunoassay kits (R&D Systems). Neopterin was measured using enzyme immunoassay kits (BRAHMS Diagnostics, Berlin, Germany). Cortisol was measured with enzyme immunoassay kits (Diagnostics Systems Laboratory, Webster, TX). The measurement of cytokine and activation marker levels was performed according to the manufacturer's instructions. Qualitycontrol procedures for our laboratory were conducted in the usual manner (28, 29) . The intraassay precision of all tests was less than or equal to 10% for in-house quality-control samples.
Lymphocyte Subsets
Lymphocyte cell subsets were enumerated using FACScan flow cytometry with three-color immunofluoresence. CD4 cells were defined as CD3 
Psychological and Behavioral Measures
Fatigue was assessed using the energy/fatigue subscale of the RAND 36-Item Health Survey (26, 27) and the Fatigue Symptom Inventory (FSI; 5). The RAND scale consists of four items assessing feelings of energy and tiredness during the past 4 weeks. The FSI is a 13-item measure that assesses fatigue intensity, duration, and interference with daily functioning during the past week. This scale has acceptable psychometric properties and has been shown to discriminate between cancer survivors and healthy controls (5) .
Because there are no validated scales to assess behavioral manifestations of cytokine-related sickness in humans, we assessed sickness behaviors using a combination of items from the Breast Cancer Prevention Trial (BCPT) Symptom Checklist (30) and items designed specifically for this project. Items were included to assess somnolence (tendency to take naps, feeling like you need more rest that usual), activity level, social interest, and cognitive difficulties, all of which have been identified as behavioral components of illness (31) . Respondents were asked whether or not they had experienced each symptom during the past 4 weeks. Depressed mood in the last 2 weeks was assessed using the Beck Depression Inventory II (BDI-II) (32). Health behaviors occurring over the past week that may influence immune and endocrine parameters (eg, use of alcohol, caffeine, cigarettes) were assessed using the Health Behavior Questionnaire. Demographic and medical variables were also assessed by questionnaire.
Statistical Analyses
Differences between the fatigued and nonfatigued groups were evaluated using 2 and independent-samples t tests. Group comparisons were conducted on immune and hormonal measures as well as measures of fatigue, sickness behaviors, and demographic and medical factors (ie, age, race, education, income, relationship status, type of treatment received). For those comparisons that involved physiological parameters, we first computed the association between the physiological parameters and potential behavioral confounds using Pearson correlation coefficients. Confounds that were correlated with any of the physiological markers were controlled for using analysis of covariance (ANCOVA). All tests of statistical significance were two sided. Because of problems with insufficient samples, neopterin assays were not conducted for two subjects (one fatigued, one nonfatigued), and IL-1␤, IL-1ra, and sTNF-RII assays were not conducted for six subjects (four fatigued, two nonfatigued). One subject was excluded from all immune analyses because of an abnormally high level of B lymphocytes.
RESULTS
Analyses were first conducted to verify the accuracy of the fatigue group classifications. As expected given our classification system, fatigued women scored well below the nonfatigued women on the energy/fatigue subscale of the RAND Health Survey (fatigued group mean ϭ 39.5; nonfatigued group mean ϭ 80.5; recall that lower scores on this measure indicate more significant fatigue). There were also significant differences between groups on the FSI, with fatigued women reporting significantly higher levels of fatigue, more days spent fatigued, and more disruption due to fatigue than nonfatigued participants (all p values Ͻ .05).
Demographic and treatment-related characteristics of fatigued and nonfatigued study participants are shown in Table 1 . Significant differences between fatigue groups emerged only for relationship status and income level; fatigued women were significantly less likely to be married or in a committed relationship ( 2 ϭ 6.67, p ϭ .01) and had a lower income level than nonfatigued women ( 2 ϭ 6.65, p ϭ .04). No group differences in the type of breast cancer treatment received or in the length of time since diagnosis and treatment were observed. In addition, we found no differences between groups on menopausal status or a number of common medical conditions (ie, arthritis, headaches, high blood pressure, heart disease, osteoporosis, and/or lymphedema).
Group Differences in Cytokines, Soluble Immune Activation Markers, and Cortisol
Fatigued women had significantly higher serum levels of IL-1ra, sTNF-RII, and neopterin than nonfatigued women, controlling for health behaviors associated with the soluble immune and hormonal markers (ie, caffeine and alcohol use; p ϭ .006 for IL-1ra, .005 for sTNF-RII, and .018 for neopterin). Figure 1 shows levels for fatigued and nonfatigued survivors on each of these parameters. No group differences in IL-1␤ were observed; however, it should be noted that serum levels of IL-1 were very low in this sample of women and fell outside of the detectable range for almost half of the study participants. Thus, our ability to detect differences between groups on this immune parameter may have been limited by assay sensitivity. Fatigued women had significantly lower serum levels of cortisol than the nonfatigued group, controlling for the same confounds (fatigued group mean ϭ 11.88 g/dl, SD ϭ 3.7; nonfatigued group mean ϭ 14.01 g/dl, SD ϭ 3.2; F(1, 26) ϭ 6.09, p ϭ .02).
In addition to controlling for behavioral factors, demographic factors that distinguished fatigued from nonfatigued participants were considered as potential confounds. Neither relationship status or income level was associated with any of the biological measures, and controlling for these variables did not influence the association between fatigue and immune and endocrine parameters. Exclusion of the three women who were currently menstruating (one fatigued, two nonfatigued) also had no effect on results. 
Group Differences in Lymphocyte Subsets
Analyses were conducted to examine differences in lymphocyte subsets between fatigue groups. As shown in Table 2 , fatigued women had a significantly lower percentage of NK cells than nonfatigued women, controlling for health behaviors associated with cell subsets (ie, cigarette use; F (1, 33) ϭ 4.33, p Ͻ .05) . There was also a higher ratio of CD45RO ϩ to CD45RA ϩ CD4 T cells in the fatigued group than in the nonfatigued group, controlling for cigarette use (F(1, 33) 
Group Differences in Sickness Behaviors
Fatigued women were significantly more likely to report experiencing a number of sickness behaviors than nonfatigued women. Fatigued women reported a higher rate of somnolence (ie, needing more rest and taking more naps), decreased activity level, decreased interest in planning or initiating social activities, forgetfulness, and distractibility (all p values Յ .05). Fatigued women also reported significantly higher levels of depressed mood (BDI-II mean score ϭ 12.9, range ϭ 1-34) than nonfatigued women (BDI-II mean score ϭ 3.05, range ϭ 0 -15; t(38) ϭ 3.87, p ϭ .001; BDI-II scores of 13 and below are considered to fall within the minimally depressed range). These differences were maintained in analyses excluding the two items on the BDI-II that assess loss of energy and fatigue.
Because elevations in markers of immune activation have been observed in patients with clinical depression (33, 34), we conducted analyses to determine whether the immune differences between fatigue groups might be attributable to differences in depression. None of the immune parameters assessed were correlated with scores on the BDI-II, nor did we find immune differences between participants categorized as minimally, mildly, and moderately to severely depressed on the BDI-II. In addition, controlling for depression scores did not affect the association between fatigue and the immune variables.
DISCUSSION
Activation of the immune system by infection, injury, or trauma leads to the release of proinflammatory cytokines and other immune factors, including receptor antagonists, soluble receptors, and products of cellular activation. These cytokines orchestrate local and systemic immune responses and also mediate neural symptoms such as fatigue (31, 35) . We found elevated levels of immune markers associated with proinflammatory cytokine activity in breast cancer survivors reporting persistent fatigue an average of 5 years after cancer diagnosis. Fatigued survivors showed significantly higher levels of IL-1ra, sTNF-RII, and neopterin than nonfatigued survivors and also reported a number of behavioral symptoms associated with cytokine activity. Proinflammatory cytokines are known to be involved in many autoimmune and infectious diseases (36 -38) and have also been implicated in disorders characterized by chronic fatigue, including chronic fatigue syndrome (39) and vital exhaustion (40) . To our knowledge, this is the first study to document an association between persistent fatigue and markers of cytokine activity in cancer patients.
One plausible cause of immune disturbance and subsequent fatigue in breast cancer survivors is enduring effects of cancer treatment. However, we found no evidence that a specific type of treatment accounted for group differences in fatigue or immune status, although it is important to note that the small number of subjects receiving each type of treatment may have limited our ability to detect differences between groups. These results are consistent with previous studies that have failed to find an association between fatigue and treatment status among patients several years posttreatment (1, 3) .
Another important factor that may be associated with both fatigue and immune status is depression. Fatigue is one of the most common symptoms of a depressive episode and may occur secondary to depression following cancer diagnosis and treatment. Our results showed that fatigue was associated with depressive symptomatology in this group of survivors, consistent with previous research (1-3). However, because of the cross-sectional nature of the study design, it is impossible to determine which of these states came first; it is equally likely that fatigue may have precipitated feelings of depression due to its negative impact on quality of life and interference with normal functioning in the aftermath of the cancer experience. We did assess whether depression acted as a mediator of the association between fatigue and the proinflammatory markers. Depression has been associated with elevations in proinflammatory cytokines (33, 34, 41) as well as disturbances in other aspects of the immune system (42) and dysregulation of the HPA axis (43) . Our results did not support a mediating role for depression, as scores on a depression rating inventory were not correlated with the inflammatory markers assessed, and controlling for these scores did not influence the association between fatigue and the immune outcomes. These findings suggest that the association between fatigue and immune activation is not entirely due to elevated levels of depressed mood among the fatigued survivors, although the small size of this sample may have limited our ability to test this relationship. We speculate that rather than being secondary to depression, fatigue and depression may cooccur as part of a coordinated response elicited by cytokine actions on the central nervous system; indeed, our results suggest that fatigue might actually be more proximally linked to these cytokine changes, at least among individuals identified based on fatigue symptoms. The association between fatigue, depression, and cytokine changes in cancer patients and survivors is an important area for future research.
The serum markers assessed in this study provide a window on the activity of the immune system and specifically on those cells involved in the synthesis and release of proinflammatory cytokines such as monocytes and macrophages. Under normal conditions, these cells are tightly regulated by multiple inhibitory mechanisms, including negative feedback by glucocorticoids (21) . Our results suggest dysregulation of this feedback system in breast cancer survivors experiencing enduring fatigue, as this group showed significantly lower levels of cortisol during the typical morning peak of the circadian cycle. The potential importance of glucocorticoids for regulating immune function and general health in cancer patients was highlighted in a recent study, which found that altered diurnal cortisol rhythms were associated with suppression of NK cell activity and decreased survival time in patients with metastatic breast cancer (44) . Alterations in cortisol-immune interactions have also been observed in patients with chronic fatigue syndrome (45) . One limitation of the current study is the assessment of cortisol at a single time point, which provides limited information about cortisol rhythm and responsiveness to neuroendocrine mediators. We are currently examining diurnal cortisol profiles and cortisol sensitivity in these patients to better evaluate the association between cortisol and markers of immune activation.
Another window on immune system functioning is provided by the distribution of lymphocyte subsets circulating in peripheral blood. We found preliminary evidence for changes in the prevalence of two cell populations among fatigued survivors, including a lower percentage of naive CD4 T cells and natural killer cells. These changes may reflect a delay in the recovery of these cell types following cancer treatment. Indeed, prospective studies conducted with breast cancer patients have shown deficits in naïve CD4 T cells for up to 5 years after intensive chemotherapy (18) and radiation therapy (19) . It is possible that prolonged decreases in particular cell populations may underlie the immune activation seen in fatigued survivors if the immune system stays activated in response to homeostatic mechanisms that turn on production of cells when they get depleted. Alternatively, decreases in circulating levels of immune cells may reflect changes in lymphocyte trafficking that occur secondary to immune activation elsewhere in the body. In this case, the changes in lymphocyte subsets observed among fatigued survivors would follow from, rather than precipitate, elevations in proinflammatory cytokines.
We have focused here primarily on biological mechanisms for fatigue, although many other factors may influence this complex and multidimensional symptom. In particular, social and demographic factors can play a significant role in the onset and maintenance of fatigue. Fatigued women in this study were more likely to be unmarried and of lower income than nonfatigued survivors, consistent with results from our larger survivor study (3) . These women may have experienced a lack of practical, emotional, and financial support during cancer diagnosis and treatment, increasing the burden of the experience and potentially making recovery more difficult. They may also have been under greater strain before cancer diagnosis; studies have shown a higher incidence of stressful life events and a lower level of social support among individuals of lower socioeconomic status (46 -49) . Both stress and social support are known to influence immune status (50, 51) and could potentially play a role in the fatigue-immune association found in the current study.
The present data provide preliminary evidence for a
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link between activity of proinflammatory cytokines and cancer-related fatigue and suggest mechanisms through which ongoing immune activation may occur, including alterations in immune regulatory systems and persistent changes in lymphocyte subsets. At this point, it is unclear why some patients may experience these changes and not others in the aftermath of a cancer diagnosis. Psychological and socioeconomic factors may play a role, as suggested by our data linking fatigue with depression, marital, and income status. In addition, these changes may be due to specific characteristics of the disease or treatment not assessed here. To clarify the contribution of proinflammatory cytokines to fatigue in cancer patients, prospective studies are needed to assess the association between changes in cytokines induced by cancer treatment and changes in fatigue levels. In addition, other immune, endocrine, and psychological factors should be assessed to determine how these variables influence immune activation and fatigue during and posttreatment.
